Acceleration of cosmic rays at supernova remnant and pulsar wind nebulae shocks: constraints from gamma-ray observations
Cosmic-ray acceleration at supernova remnant shocks
Supernova remnants (SNRs) have been considered as the sources of Galactic cosmic rays (CRs) since the 1930's. Support for this paradigm comes from observed CR abundances that match those of massive star forming regions, non-thermal emission from SNRs indicative of relativistic electron (and possibly proton) acceleration, and a theoretical mechanism that explains how particles gain relativistic energies in the strong shocks of SNRs by first order Fermi diffusive shock acceleration (DSA) [1] . The high efficiency of DSA has been demonstrated by non-linear models [2, 3] , though the mechanisms by which particles are injected and confined within the shock vicinity are still debated. It is also unclear how particle confinement and escape is regulated within SNRs, which is necessary for CRs to reach energies of a few times 10 15 eV that are attributable to Galactic sources. Finally, it is important to study the diffusion parameters of accelerated particles as they leave the dense star forming regions where they are thought to arise, to understand the spectrum and isotropy of CRs that permeate the galaxy.
The recent development of gamma-ray observatories has led to sufficient sensitivity and spatial resolution to directly study SNRs as CR sources. Ground-based Cherenkov telescopes (e.g. HESS, MAGIC, VERITAS ) and the Fermi Gamma-ray Space Telescope are able to spatially resolve SNRs at TeV and GeV energies, respectively. To date, dozens of SNRs have been detected varying in age, progenitor type, evolutionary stage and density of their surrounding environment. These observations show a diversity in the observed luminosities and spectra of SNRs that indicate a wide range of physical conditions that give rise to gamma rays. Either electrons or protons may dominate the radiation mechanism, and the large energy coverage of Fermi (from 0.03 to >300 GeV) is important in distinguishing between leptonic (inverse-Comtpon (IC) or bremsstrahlung) and hadronic (π 0 decay) processes. Observations of young SNRs (section 2) help to establish the earliest periods of DSA and possible proton acceleration to very high energies. Studies of more numerous shell-type (section 3) and middle-age SNRs (section 4) provide tests of both the acceleration and propagation of CRs from their acceleration sites.
Diffusive shock acceleration theory
In strong shocks, particles in either the preshock or postshock fluid have scattering centers such that they experience only approaching collisions. This allows energy gains of first-order as particles cross the shock front, with a spectrum that depends only on the shock compression ratio as explained in [1] . This formulation of DSA or first-order Fermi acceleration was proposed by several groups to explain radio-emitting electrons discovered in SNRs [4, 5, 6, 7] . However, the GeV energies of radio synchrotron electrons are far less than needed to explain PeV energy CRs. More complex models have evolved to include heating of the upstream precursor, the pressure produced by accelerated particles, injection of electrons and protons, and different prescriptions for magnetic field amplification needed to confine the highest-energy particles e.g. [8] . Predictions of such models includes CR source spectra whose spectral indices are greater ("soft" spectra) or lower ("hard" spectra) than 2.0 and can have spectral curvature. For an in-depth review of advances in shock acceleration theory, see [1] in this volume.
Supernova remnant evolution
Given the non-linearity of DSA, the evolution of SNRs has implications for when and at what efficiency CRs are produced. The key parameters governing the evolution of a supernova (SN) explosion are the initial energy, progenitor system, and surrounding interstellar medium (ISM), which are all tied together by the late-time evolution of massive stars. The progenitor system can be either a binary system (two objects orbiting one another) composed of a white dwarf and a companion star for Type Ia SNe, or a massive star (M > 8 M ) for type II SNe (also known as core-collapse SNe), or even massive stars that have lost their Hydrogen-envelopes prior to explosion (Wolf-Rayet stars, > 25 M ) for Type Ib/c SNe. The evolution of a SNR is then typically characterized by three phases: 1. an ejecta-dominated phase when the swept-up mass is much less than the ejected mass and does not slow shock expansion, 2. when the swept-up mass is much larger than the ejecta mass and the shock expansion is characterized by adiabatic expansion often called the Sedov-Taylor phase, 3. a radiative phase where recombining gas quickly cools the swept-up gas forming a dense shell [9] . Toward the end of this radiative phase, the dense shell of the SNR merges with and becomes indistinguishable from the ISM [10] . Simple evolutionary Figure 1 . Left panel: Chandra X-ray image of the composite SNR G21.5-0.9. The spherical SN shell is faintly glowing in X-rays; the center of the remnant is filled by a PWN of highly relativistic electrons with strong X-ray emission. Right panel: Conceptual diagram of a PWN within an SNR, illustrating the central pulsar and nebula, surrounding cold ejecta, shock-heated ejecta, and surrounding medium. This Figure is taken from [16] . models with prescriptions for shock acceleration reproduce the expectation that ∼ 10% the SN explosion kinetic energy is transferred to CRs, which is required if SNRs are the primary source of Galactic CRs [11] . Depending on the density profile of the surrounding gas, SNRs may transition between these phases at very different times [12] . The result of models that include evolution in complex density profiles indicate that young core-collapse SNRs will have decreasing hadronic gamma-ray emission, while Type Ia SNe are expected to increase their gamma-ray emission with time [13] . However, when the SNR shock evolves into a dense cloud or wind-blown bubble, the ambient density encountered by the shock rapidly increases, enhancing the target density for hadronic gamma rays while reducing shock velocities to no more than a few hundred km s −1 [14] . It has been proposed that such systems may still accelerate CRs early during the interaction via reflected shocks produced when the shock wave hits the clouds [15] .
Evolution of composite supernova remnants
Some SNe leave behind a rapidly spinning neutron star. These pulsars dissipate their rotational energy via a relativistic wind of electrons and positrons, which is rapidly decelerated at an interaction point with the surrounding dense medium called the termination shock [16, 17] . The pulsar wind nebula (PWN) formed in the interior of the SNR expands outward and may encounter the inward reverse shock of the SNR as illustrated in Figure 1 . These systems are typified by a radio synchrotron shell for the SNR and a flat-spectrum central PWN, and therefore dubbed composite SNRs. Relativistic electrons produce IC gamma rays at GeV and TeV energies. Additional gamma-ray emission from the pulsar magnetosphere and surrounding SNR shock front can also be present, limiting the identification of the primary source of gamma rays. At various points during the evolution of the system, different regions may produce the brightest gamma-ray emission. Models of the evolution of PWNe and SNRs show a diversity of possible observed parameters [18, 19] . While shocks within PWN are clearly capable of accelerating leptons, it is not clear if protons are also accelerated, or how particles diffuse from the nebula and enter the ISM (see section 5.3).
2. Young supernova remnants as ideal proton accelerators viewed at gamma-ray energies
SN 1987A
Located in the Large Magellanic Cloud at only 50 kpc from Earth, SN 1987A is the closest observed with modern telescopes. After evolving for nearly three decades, the radio flux has been steadily increasing, suggesting increasing acceleration, albeit with a steep spectrum (Fν ∝ ν α where α = −0.8 ± 0.1, where Fν is the energy received per unit area, unit time and unit frequency) with no evidence of a spectral break [20] . This is inconsistent with expectations from diffusive shock acceleration, and perhaps indicative that the shock is modified by pressure from accelerated particles [21] or by an amplified magnetic field [22] . A flat-spectrum radio excess appears at the center of the remnant, and may be attributed to a newly formed PWN [23] . Even with a deep exposure of 210 hours, significant emission from SN 1987A is not detected by H.E.S.S. [24] . The 99% flux limit above 1 TeV is 5.6 × 10 −14 cm −2 s −1 assuming a photon index of 2, which translates into an upper limit for the γ-ray luminosity of 2.2 × 10 27 W (2.2 × 10 34 erg s −1 ). Multiwavelength studies of SN 1987A suggest that the shock at the current epoch has reached the dense equatorial ring made by the progenitor system for which densities of 10 3 to 10 4 cm −3 have been found [25] . This implies that less than 1% of the explosion energy of 10 44 J (10 51 erg) is carried by accelerated CR nuclei. Since it is not clear when, during the transition from SN to SNR, shock acceleration becomes efficient, these gamma-ray observations of the youngest nearby SN are a strong help to constrain theories in the future.
Cassiopeia A and Tycho
Two historical SNRs have been detected both at GeV and TeV energies: Cassiopeia A (Cas A) [26, 27, 28] and Tycho [29, 30] . Cas A is the remnant of SN 1680. It is the brightest radio source in our Galaxy and its overall brightness across the electromagnetic spectrum makes it a unique laboratory for studying high-energy phenomena in SNRs. A simple multiwavelength modeling of Cas A strongly favors the hadronic scenarios and implies that the total content of CRs accelerated in Cas A is ∼4×10 42 J (4×10 49 erg), and the magnetic field amplified at the shock can be constrained as B ≈ 12 nT (0.12 mG). Even though Cas A is considered to have entered the Sedov phase, the total amount of CRs accelerated in the remnant constitutes only a minor fraction (∼ 2%) of the total kinetic energy of the SN [31] , which is well below the ∼ 10% commonly used to maintain the CR energy density in the Galaxy.
Tycho's SNR (SN 1572) is classified as a Type Ia (thermonuclear explosion of a white dwarf) based on observations of the light-echo spectrum. Thanks to the large amount of data available at various wave bands, this remnant can be considered one of the most promising object where to test the shock acceleration theory and hence the CR -SNR connection. First, using the precise radio and X-ray observations of this SNR, [32] have shown that the magnetic field at the shock has to be > 20 nT (0.2 mG) to reproduce the data. Then, using multiwavelength data, especially the above mentioned GeV and TeV detections, they could infer that the gamma-ray emission detected from Tycho cannot be of leptonic origin, but has to be due to accelerated protons (this result is consistent with another modeling proposed in [29] ). These protons are accelerated up to energies as large as ∼500 TeV, with a total energy converted into CRs estimated to be about 12% of the forward shock bulk kinetic energy. This is fully consistent with acceleration of Galactic CRs in SNRs.
Other young Galactic supernova remnants
Two other Galactic SNRs are known to have similarly young ages but have not yet been detected in gamma rays. Kepler's SNR (SN 1604) is a type Ia or II-L SN [33] with detected synchrotron X-rays. Detailed modeling predicts detectable gamma rays for existing observatories in both GeV and TeV regimes. However, the non-detection by H.E.S.S. may be explained if the distance is at least 6.4 kpc, or the magnetic field behind the shock is greater than 5.2 nT (52 µG) [34] . Hydrodynamical models suggest a distance of at least 7 kpc [35] . SNR G1.9+0.3 has an age of 181±25 years estimated from proper motions, making it the youngest known Galactic SNR [36] . Interestingly, the parent SN was not visible since it has been obscured by the dense gas and dust of the Galactic Center. Synchrotron emission from G1.9+0.3 from radio and X-rays shows electrons with a power-law index of 2.27 and a roll-off frequency (peak frequency in the spectral energy distribution, SED, emitted by electrons with energy Emax) of (3.07 ± 0.18)×10
17 Hz [37] . Knowing that the roll-off frequency ν rolloff of the spectrum is related to the the maximum electron energy, Emax, following the relation
we can deduce that for a magnetic field of about 1 nT (10 µG) the maximum energy of accelerated particles is about 80 TeV. If the roll-off in the spectrum results from cooling and is not age limited, higher energies may be reached by nuclei. H.E.S.S. observations set an upper limit on the photon flux from this remnant of 5.6×10 −13 cm −2 s −1 above 0.26 TeV, which in a one-zone leptonic scenario places a lower limit on the interior magnetic field of 1.2 nT (12 µG) [38] . Future gamma-ray detection of either remnant will help to diversify the sample of young, active accelerators that can be studied. There is also potential for gamma-ray surveys to identify new young Galactic SNRs. Radio surveys which are commonly used to identify SNRs are biased against small angular diameter SNRs, as would be the case for a young remnant on the other side of the Galaxy. Future surveys with CTA could reach sufficient sensitivity to take a census of the young Galactic SNRs [39] .
Shell-type supernova remnants, efficient electron accelerators
Five young SNRs with clear shell-type morphology resolved in VHE gamma rays have been detected by H.E.S.S.: RX J1713.7-3946 [40, 41] , RX J0852.04622 -also known as Vela Junior - [42] , RCW 86 [43] , SN 1006 [44] and HESS J1731-347 [45] . Three of them, RX J1713.7-946 [46] , Vela Junior [47] , and recently RCW 86 [48] , have been detected by Fermi-LAT allowing direct investigation of young shell-type SNRs as sources of CRs. The shell-type morphology of the gamma-ray emission, which is associated with the SN blast wave, provides convincing evidence that DSA is the mechanism producing the high energy particles radiating at gamma-ray energies. A critical issue for DSA, and for the origin of CRs, however, concerns the radiation mechanism responsible for the GeV−TeV emission: is it dominated by π 0 -decay emission from nuclei or IC emission from leptons? Figure 3 . Left: Energy spectrum of RX J1713.7−3946 in gamma rays with different leptonic models generated to fit the TeV data points from the literature. From [46] . Right: Gamma-ray luminosity of the five shell-type SNRs detected at gamma-ray energies.
For the sake of comparison the SED from the SNR W44 is shown by the dashed line. From [57] .
3.1. The famous case of RX J1713.7−3946 RX J1713.7−3946 (also known as G347.3−0.5) is a young 'historical' remnant suggested to be associated with the appearance of a guest star in the constellation of Scorpius in AD393 by [49] . RX J1713.7−3946 is located in the Galactic plane (at a distance of 1kpc) and was discovered in soft X-rays in 1996 in the ROSAT all-sky survey [50] . In X-rays RX J1713.7−3946 has a diameter of 1
• , twice the size of the full moon. It is the first SNR for which TeV gamma-ray emission was clearly detected emerging from the shell [40] . The gamma-ray emission as detected by H.E.S.S. and Fermi-LAT closely matches the non-thermal X-ray emission as can be seen in Figure 2 . The TeV spectrum of RX J1713.7−3946 is certainly the most precisely measured among the SNR shell class and shows significant emission up to ∼100 TeV, clearly demonstrating particle acceleration to beyond these energies in the shell of the SNR. However, the GeV spectrum measured with Fermi-LAT is described by a very hard power-law with a photon index of Γ = 1.5 ± 0.1. This hard GeV spectrum is in contradiction with most hadronic models published so far (e.g. [52] ) and requires an unrealistically large density of the medium. Alternative and more complex hadronic scenarios have been recently introduced to fit the GeV-scale emission from RX J1713.7−3946, for instance the possibility of a shell of dense gas located a short distance upstream of the forward shock that would be illuminated by the runaway CRs that have escaped from the shock and by the CR precursor to the forward shock (see [53] for more details). In leptonic scenarios, the agreement with the expected IC spectrum is better but requires a very low magnetic field of ∼ 1 nT (10 µG) in comparison to the one measured in the thin filaments by X-ray observations. It is possible to reconcile a high magnetic field with the leptonic model if GeV gamma rays are radiated not only from the filamentary structures seen by Chandra, but also from other regions in the SNR where the magnetic field may be weaker.
General properties of this supernova remnant population
Interestingly, as can be seen in Figure 3 , the five shell-type SNRs detected at gamma-ray energies show hard HE spectral indices (1.4 < Γ < 1.8) that exclude the standard hadronic test particle scenario 1 . All photon indices (except for RX J0852.0−4622) are compatible with a test particle leptonic dominated scenario where the electron slope of 2.0 translates into a photon spectral index of 1.5. In the case of RX J0852.0−4622, the slightly softer HE photon index (1.85 ± 0.06stat ± 0.19syst, [47] ) could be due to a deviation from the test particle case, a mix of hadronic and leptonic contributions or a possible contamination from the PWN seen around PSR J0855−4644 [54] that is located right on the south-eastern part of the SNR shell. The similarity of hard photon spectral indices 1. The test particle scenario neglects the retro-action of the CRs on the shock structure and produces a proton energy distribution which converts into a photon spectral index Γ = 2. in this SNR sample tends to point towards a common leptonic dominated scenario for the HE and VHE gammaray emission. Still, there could be some smaller subregions (e.g. dense clumps) where the hadronic mechanism significantly contribute to the local gamma-ray emission.
In addition to a similar HE spectral index, these five shell-type SNRs present a striking similarity in terms of peak luminosity and spectral shape. This contrast is highlighted when compared with the SNR W44 where the evidence for hadronic emission is the most secure (detection of the π 0 bump discussed in section 4 [55] ). One can note that the gamma-ray luminosity of SN 1006 is lower than for other SNRs. However, this is mainly related to its bipolar morphology as can be seen in Figure 4 , which is a clear difference with the other TeV detected shell-type SNRs. This bipolar morphology caused by the orientation of the magnetic field in the NE-SW direction produces a reduced effective area for particle acceleration since the acceleration is more efficient when the magnetic field is parallel to the shock normal. If we correct for this effect by a renormalization factor of 0.2 [56] , the peak luminosity is comparable to other SNRs. This similar luminosity also points towards leptonic emission. Indeed, in such scenario, the spectral shape and flux level of the gamma-ray emission is produced via the IC mechanism and only depends on the electron spectral distribution (which is similar for the five SNRs as discussed just above) and on the photon field density. Due to the omnipresence of the cosmic microwave background (CMB) and the limited effect of the infra-red photon field, one could explain why we observe such a small scatter in the gamma-ray luminosity of young shell-type SNRs.
However, being of hadronic or leptonic origin, the GeV-TeV gamma-ray detections of these five SNRs imply a low maximal energy for the accelerated particles of only a few 100 TeV, well below the knee of the CR spectrum. 
Middle-age supernova remnants and the interaction with the local medium
Excellent gamma-ray targets are provided by dense regions of the interstellar medium or in some cases dense molecular clouds interacting with middle-age SNRs (∼ 10 11 -10 12 s or 3,000-30,000 yr). For more information, see the recent review [58] . They are the most numerous subclass of GeV SNRs due to enhanced target densities for accelerated particles, which in cases of interaction with a molecular cloud can increase gamma-ray luminosities by factors of 10 2 − 10 3 . This enhancement has allowed the first detection of the low-energy cutoff, due to the π 0 production threshold, produced by CR proton interactions between dense clouds and SNRs IC 443 and W44 [59, 55] . Both SNRs have underlying proton spectral indices of 2.3 with breaks near ∼ 100 GeV c −1 , as shown in Figure 5 . While this is the first evidence for CR protons in SNRs, the acceleration process is not expected to reach very high energies for such old systems.
While only two SNRs show unambiguous evidence for a hadronic origin, many other middle-age SNRs appear to be likely hadronic accelerators. Puppis A is a ∼ 1.3×10 11 s (4,000 yr) old SNR interacting with the ISM in the vicinity of a molecular cloud. Fermi-LAT has detected the SNR as an extended shell with a photon index of 2.1, and a break in the radio spectrum at ∼ 40 GHz favors a hadronic origin for simple single-zone models [60] . The non-detection of TeV gamma rays by H.E.S.S. indicates Emax ∼ 200 GeV [61] . In contrast, older systems such as the Cygnus Loop [62] and S 147 [63] show Emax ∼ 1 GeV. The range in maximum energies, energy loss rate and GeV to TeV flux ratio all show weak correlation with age [64] , with an apparent decline in luminosity at later times, may be due to the escape of CRs from old SNRs.
Cosmic-ray sea re-acceleration
While middle-age SNRs are prominent gamma-ray sources, shocks in these remnants are only observed to reach velocities of a few hundred km s −1 , far below what is expected for active particle acceleration to high energies. Models have instead invoked existing CRs, compressed and possibly re-accelerated in the dense radiative filaments. Such crushed-clouds were initially proposed to explain radio emission in SNRs [65] , and was extended to include re-acceleration of pre-existing relativistic particles [66] . This model can explain both the bright GeV emission from proton interactions in compressed filaments, a spectral break at 1-10 GeV energies and the flat radio spectral indices that are commonly observed for SNRs interacting with molecular clouds [67] . The particular break energy may be determined by reflected shocks in the clouds [68] , Alfven wave evanescence [69] , or timedependent escape from the finite-size SNR [70] . An alternative scenario requires no re-acceleration, relying solely on radiative compression to explain radio and GeV spectra in old SNRs [71] . In these scenarios, despite the enhanced detectability of CRs, no shock acceleration to high energies is required, unlike in young SNRs.
Cosmic-ray escape
Another key process that studies of middle-age SNRs can help to inform is how accelerated particles are injected into the ISM to become CRs. If SNRs are the sources of Galactic CRs, then the highest energy particles have already escaped from the known middle-age SNRs, as evidenced by breaks in GeV-TeV spectra. It has long been predicted that these escaping CRs may illuminate nearby clouds. The time-dependent nature of this escape process allows the gamma-ray spectra of illuminated clouds to constrain the diffusion parameters and geometry of the system [72] . Two clouds at different distances from a SNR can be expected to have different low-and high-energy spectral breaks based on the energy-dependent diffusion of CRs. SNRs W44 and W28 both have surrounding gamma-ray sources which may be interpreted as illuminated clouds, however source confusion is problematic in massive star forming regions [73, 74, 75] . Improved resolution studies may confirm the illuminated-cloud scenario and allow the diffusion parameters to be directly determined from gamma-ray observations. Theoretical expectations are that much slower diffusion coefficients should exist within cloud regions [76] . Such observations may also allow tests of anisotropic diffusion, which has been suggested for dense cloud environments with large-scale ordered fields 5. Pulsar wind nebulae at gamma-ray energies
A first census at gamma-ray energies
PWNe form the most abundant class of TeV sources with more than 35 firm identifications, as of December 2014. A systematic search with the Fermi-LAT for GeV emission in the vicinity of TeV-detected sources yielded five firmly identified high-energy gamma-ray PWNe and eleven candidates [77] in addition to the Crab Nebula and Vela-X which were published in separate papers. These gamma-ray PWNe are believed to be related to relatively young and energetic pulsars that power highly magnetized nebulae of a few tenths of nT to a few tens of nT (a few µG to a few hundred µG). Interestingly, the TeV luminosities do not show a significant correlation with the pulsar's spin down power [78] . Within the context of temporal evolution of PWNe, two main classes of PWNe seem to be emerging. First, young PWNe such as the Crab Nebula (discussed in section 6.1), SNR G0.9+0.1, MSH 15−52 and the newly discovered Crab-like VHE gamma-ray sources SNR G21.5−0.9 and Kes 75. Second, evolved (extended and resolved) systems (i.e. with characteristic ages τ > 10 11 s or 10 4 yr), such as Vela X, HESS J1825−137, HESS J1718−385 and HESS J1809−193. The young systems show in general a good match with the morphology seen in X-rays, while in the second group, very often the pulsar powering the TeV PWN is found offset with respect to the center of the TeV emission, with large size ratios between the X-ray and VHE gamma-ray emission regions as can be seen in Figure 6 .
Unidentified sources as potential pulsar wind nebulae candidates
The large offsets discussed above for evolved PWNe can be explained by the evolution of the SNR blast wave in an inhomogeneous medium and/or the high velocity of the pulsar, together with a low magnetic field value ∼ 0.5 nT (5µG). For instance, PWNe can been crushed and pushed off-center by an asymmetric reverse shock wave that resulted from the SN interaction with an asymmetric surrounding medium. This effect is clearly visible in Figure 7 that presents simulations of the evolution of the PWN/SNR system when an increased density gradient is present in the ambient medium. In the first simulation, the asymmetry in the medium is very low, and the crushed PWN is only slightly off-center. In the two other simulations, the density gradient is increased leading to a displacement of the the crushed PWN from the center of the remnant by roughly 40% the radius of the SNR. The analysis of PWNe offers an excellent example of the complementarity between gamma-ray observations and the X-ray measurements that reveal the complex morphology of these sources at the arcsecond scale. Indeed, electrons emitting VHE gamma-rays are usually less energetic than X-ray-emitting ones, they do not suffer from severe radiative losses due to the relatively low magnetic field and the majority of them may survive from (and hence probe) early epochs of the PWN evolution. These electrons can produce TeV emission via IC scattering of the ambient low-energy background photons (such as CMB, diffuse Galactic infrared background, or starlight), leading to the formation of a relic PWN emitting in the VHE domain. This relic PWN is very faint or absent in X-rays because the pulsar wind electrons become too cold (due to radiative losses) and their characteristic synchrotron frequencies move outside the X-ray band. One of the biggest advantages of this scenario is that it provides a natural explanation for almost one third of the Galactic TeV sources that are still lacking a lower energy (radio and X-ray) counterpart: they form the important class of unidentified sources (UNIDs). See [82] for more details. HESS J1303−631 was the first H.E.S.S. source classified as a UNID due to the lack of detected counterparts in radio and X-rays with Chandra [83] . [84] found only one plausible counterpart in the vicinity of HESS J1303−631: PSR J1301−6305 with a spin-down power of 1.70 × 10 29 W (1.70 × 10 36 erg s −1 ). The authors also presented the detection of a very weak X-ray PWN using XMM-Newton observations. This, with the energydependent morphology observed by H.E.S.S., led to the conclusion that HESS J1303−631 is an old PWN offset from the pulsar powering it. Multiwavelength observations of VHE UNIDs and dedicated pulsar searches within the extent of VHE are therefore crucial to identify PWNe systems and reveal the energetics and composition of pulsar winds.
Pulsar wind nebulae at the origin of the positron excess
Observations of PWNe are also of great importance since they could be a dominant source of leptonic CRs in the Galaxy and could explain the increase of the ratio of positrons to electrons (named positron fraction) with increasing energy as shown by PAMELA [85] , Fermi-LAT [86] and AMS-02 [87] . Indeed, according to standard Figure 7 . Simulation of the evolution of the PWN/SNR for increased density gradient scale (increased by a factor of 3 in each panel from left to right). The solid contours mark the location of the SNR shock front while the PWN is located inside these contours. From [81] .
theory, the positron fraction should fall off with increasing energy, which is observed up to 10 GeV. However, above 10 GeV, an increase of the positron fraction is observed by the three experiments and could be caused by PWNe since, over time the PWN magnetic field weakens and the electrons/positrons, accelerated and trapped at the termination shock, can escape into the interstellar medium (ISM). In this context, [88] have used AMS-02 data to constrain pulsar/PWN origin scenarios for the positron excess, showing that this excess can be reproduced using a contribution from either the entire pulsar catalog, a few of the brightest local (< 1 kpc) pulsars with ages less than 3,000 kyr, or a single local pulsar/PWN. In this latest case, the favored source of positrons is Geminga, a 340 kyr old X-ray and gamma-ray pulsar with a compact X-ray PWN, since it is the only source for which the electron emission efficiency is not required to be close to one. In the same line, [89] examined the implications of the Milagro detection of extended, multi-TeV gamma-ray emission from Geminga above 20 TeV (MGRO J0634.0+1745), finding that this could reveal the existence of an ancient, powerful CR accelerator that could account for the multi-GeV positron excess. The authors also note that important constraints can be provided by gamma-ray observations, both at HE by Fermi-LAT and VHE by ground-based detectors such as VERITAS, MAGIC or HAWC (since this source is mainly visible in the Northern Hemisphere). For instance, they have evaluated the minimal IC gamma-ray spectrum of the extended emission from Geminga explaining the Milagro measurement at 20 TeV, showing that further study of this extended source at GeV and TeV energies would be useful to estimate the total energetics and place important constraints on the current models. Alternative solutions such as dark matter annihilation is also possible, however, a self-consistent solution in terms of purely astrophysical sources can be properly met with the help of PWNe.
Looking for PeVatrons

The Crab nebula: a famous electron PeVatron
The Crab Nebula and its pulsar are among the best-studied objects in astronomy. It is the remnant of an historical SN, recorded in 1054 A.D., located at a distance of 2 kpc. The SN explosion left behind a pulsar, which continuously emits a wind of magnetized plasma of electron/positron pairs [17] . These particles lose energy by synchrotron radiation, visible from radio up to hundreds of MeV, and IC scattering of the generated synchrotron and ambient radiation fields, detected at gamma-ray energies. The large-scale integrated emission from the Crab Nebula is expected to be steady within a few percent and is thus often used to cross-calibrate X-ray and gammaray telescopes and to check their stability over time. Recently, variability in the X-ray flux from the nebula by ∼3.5% per year has been detected (1999 -2008) , setting limits on the accuracy of this practice [90] . In addition, instabilities in the flux of high-energy gamma rays have been reported in recent years by AGILE and the Fermi-LAT (see [91] for a review). These flares have all shown increased emission (up to a factor 20) from the synchrotron component of the Crab Nebula while emission from the IC component of the nebula as well as the Crab pulsar remained consistent with the average level. An approximate flux doubling timescale of 6 hr was reported for the two brightest ones. The detection of synchrotron photons up to energies of > 1 GeV confirms that electrons are fastly accelerated to energies above 1 PeV in the Crab Nebula, with a magnetic field value as high as 100 nT (1 mG). These brief time scales and the requirement that the emission volume be causally connected imply that the flaring region must be compact (< 10 −2 pc) and the acceleration be extremely efficient (which poses serious challenges on scenarios invoking DSA). Structures this small are found only in the inner part of the nebula, close to the termination shock. Several new ideas have been proposed to explain these recurring flares (∼1 per year), one of them being magnetic reconnection [1, 92, 93] , but they still remain mysterious and, to date, despite extensive efforts a detection of the flares outside of the HE gamma-ray band remains elusive. This absence of plausible counterparts at other wavelengths is certainly one of the most surprising aspects of the flare phenomenon and reinforce very well the needs of future gamma-ray observations with higher sensitivity and improved angular resolution.
6.2. Evolution of the cosmic-ray acceleration efficiency : reaching the knee with supernova remnant shocks
The recent GeV and TeV detections of SNRs confirm the theoretical predictions that SNRs can operate as powerful CR accelerators. However, if these objects are responsible for the bulk of galactic CRs, they should be able to accelerate protons and nuclei at least up to 10 15 eV and therefore act as hadronic PeVatrons. As discussed in this review, even if π 0 decay would be the correct model to interpret the gamma-ray data, none of the remnants observed so far show evidence for protons with energies up to 3×10 15 eV. In this respect, Tycho could be considered as a half-PeVatron at least, since there is no evidence of a cut-off in the VERITAS data. There is, however indirect evidence for protons with these high energies in SNRs, as shown by the stripes of non-thermal X-ray emission on the surface of the historical SNR Tycho [94] . It may thus be that the spectrum of non thermal particles extends to PeV energies only during a relatively short period of the evolution of the remnant since high energy particles are the first to escape from the SNR shock [95] . For this reason one may expect spectra of secondary gamma rays extending to energies beyond 10 TeV only from less than 1 kyr old SNRs. One may wonder how many PeVatrons are expected to be detectable in our Galaxy. A simple estimate has been provided by [95] : assuming a rate of ∼3 SNe per century in our Galaxy, this directly implies that only a dozen of PeVatrons are present in the Galaxy on average and hence that they are likely to be distant and weak.
Outlook
These results emphasize the importance of TeV observations by the future generation of Cherenkov telescopes such as the Cherenkov Telescope Array (CTA) [96] which will have a better effective area in the energy range already covered but that will also allow the observation of sources such as Tycho up to energies higher than 100 TeV, therefore constraining the maximal energy at which protons are being accelerated in young SNRs. Monte-Carlo simulations of shell-type SNRs have already been carried out for different CTA array layouts, assuming a uniform exposure time of 20 hr everywhere along the Galactic Plane. In this purpose, the morphological and spectral characteristics of three SNRs (RX J1713.7-3946, Vela Junior and RCW 86), as measured with H.E.S.S., together with their respective distance estimates, have been used to simulate sources throughout the inner Galaxy ( [97] , [98] ). This leads to ∼20-70 detectable TeV SNRs, among which ∼7-15 would be resolved with CTA with a configuration optimized for providing the best sensitivity over the whole energy range. It is striking to note that, thanks to its increased sensitivity, CTA will have the capability to detect SNRs as luminous as RX J1713.7−3946, Vela Junior, or RCW 86 up to the other side of the Galaxy. A similar study was performed by [99] showing that ∼ 300 PWNe should be detected by CTA. We can therefore expect that these future gamma-ray observations will provide a complete census of the CR accelerators in our Galaxy.
